Construction of future Muon Collider tangential to the Large Hadron Collider will give opportunity to realize µp collisions at multi-TeV center of mass energies. Using nominal parameters of high luminosity and high energy upgrades of the LHC, as well as design parameters of muon colliders, it is shown that Lμp of order of 10 33 cm -2 s -1 is achievable for different options with √sμp from 4.58 TeV to 12.7 TeV. Certainly, proposed µp colliders have huge potential for clarifying QCD basics and new physics search.
Introduction
It is known that lepton-hadron collisions played crucial role in our understanding of matter's structure (proton form-factors, quark-parton model, EMC effect and so on). The first electron-proton collider HERA explored this structure further and provided parton distribution functions (PDFs) for the LHC. Construction of TeV (multi-TeV) scale lepton-hadron collider is mandatory both for clarifying basics of QCD, which is responsible for 98% of mass of the visible part of our Universe, and to provide PDFs for adequate interpretation of incoming data from HL/HE-LHC [1, 2] (FCC/SppC [3, 4] ).
On the other hand, while electro-weak part of the Standard Model (SM) has been completed with discovery of Higgs boson at the LHC, this is not the case for QCD part: confinement hypothesis should be clarified. In this respect, energy frontier lepton-hadron colliders will play the role analogous to the LHC, which clarify the Higgs mechanism hypothesis.
Today, linac-ring type ep colliders are considered as sole realistic way to (multi-) TeV scale in lepton-hadron collisions (see review [5] and references therein) and LHeC [6] is the most promising candidate. However, situation may be changed in coming years: μp colliders can come forward depending on progress in muon production, cooling and acceleration topics.
TeV energy muon-proton colliders [7, 8] were proposed twenty years ago as alternatives to Linac-HERA and Linac-LHC based ep/ p colliders (see review [9] and references therein). Two years later an ultimate √s=100 TeV p collider (with additional 50 TeV proton ring in √s = 100 TeV muon collider tunnel) was suggested in [10] . It should be noted that luminosities of p collisions in [7] and [8] were overestimated (see subsections 3.2 and 2.3 in [10] ). Recently, FCC and SppC based energy frontier muon-hadron colliders have been proposed in [11] and [12] , respectively. In order to complete picture and keeping in mind high luminosity and high energy upgrades of the LHC (HL-LHC and HE-LHC), corresponding p colliders have to be considered as well. In this paper we propose construction of Muon Colliders (MC) tangential to LHC (see Fig. 1 ) in order to handle multi-TeV centerof-mass energy p colliders. Nominal parameters of HL-LHC, HE-LHC and MC are presented in Section 2. Center of mass energies and luminosities for different p collider options are estimated in Section 3. Then, in Section 4 we briefly discuss physics at these colliders. Finally, in Section 5 we present our conclusions and recommendations.
Parameters of HL-LHC, HE-LHC and Muon Colliders
In this section, we present parameters of HL-LHC, HE-LHC and MC, which are used for estimation of main parameters of µp colliders in the following section. Table 1 presents nominal parameters for HL-LHC and HE-LHC [13] . Parameters of proton ring upgraded for ERL60 related ep colliders are given in Table 2 . Main parameters of TeV energy muon collider options [14] are listed Table 3 . Center of mass energies and luminosity values for HE-LHC based µp colliders, evaluated in the same way, are given in Table  5 . Concerning beam tune shifts, for round beams Eqs. (2) and (3) turn into:
Matching transverse sizes of proton and muon beams results in:
Putting corresponding parameters from Tables 1-3 into Eqs. 9-10, we obtain the tune
(8)
(3b)
shift values given in Table 6 . As one can see from Table 6 , while ξµ values are acceptable, ξp values should be reduced by an order. According to Eq. 9, this can be handled by decrease of Nµ and/or increase of normalized emittance of proton beam, resulting in corresponding decrease of luminosity. In this respect, crab-crossing scheme [15] seems promising since it gives opportunity for decrease of ξp without affecting luminosity.
Physics search potential
Because of high center of mass energy and luminosity values, the LHC based p colliders have a huge potential for the SM and BSM searches. Concerning SM physics, they will provide precision PDFs for the HE-LHC, FCC and SppC. Then, small x Björken region, which is crucial for understanding of QCD basics, can be explored down to 10 -8 . Precision Higgs physics is another important topic, which should be analyzed in detail. In Table 7 , we present achievable x Björken values for different options of the LHC based µp colliders. Let us mention that Q 2 =25 GeV 2 corresponds to perturbative QCD, whereas xB<10 -6 means high parton densities. As an example, we present discovery limits for color octet muon (see [16] and references therein) at the HL-LHC, HE-LHC, MC with √s=6 TeV and corresponding µp colliders in ! " ! " Fig. 2 assuming compositeness scale to be equal to color octet muon mass. Here, pair production at the LHC and MC and resonant production at µp colliders have been considered.
Conclusions
It is shown that construction of future muon collider tangential to the LHC will give opportunity to realize multi-TeV center of mass energy p colliders with luminosity of order of 10 33 cm -2 s -1 . Obviously, this collider will essentially enlarge physics search potential of the LHC for both the SM and BSM phenomena. Therefore, systematic study of accelerator, detector and physics search aspects of the LHC based p colliders is necessary for long-range planning of HEP.
Finally, one can consider two-stage scenario for the LHC based lepton-hadron colliders: the LHeC option with 9 km e-ring [17] as the first stage, following by construction ofring in the same tunnel.
